Abstract: Metabolic health and obesity are not stable conditions, and changes in the status of these conditions might lead to different clinical outcomes. We aimed to determine whether changes in metabolic health status or obesity over time have any effect on the risk of future diabetes.
INTRODUCTION
T he importance of metabolic health status, apart from obesity, has recently gained much interest. This concept arose from observations that some people show metabolic characteristics that deviate from the expected dose-response relationship between body mass index (BMI) and metabolic disturbances. [1] [2] [3] [4] [5] It is now becoming evident that these deviant subpopulations also demonstrate different clinical outcomes, such as the incidence of type 2 diabetes, cardiovascular diseases, and mortality. [6] [7] [8] [9] [10] [11] [12] [13] Although many different definitions are used for metabolic health, insulin resistance is regarded as the core pathophysiology. Individuals with higher levels of insulin resistance and adiposity, despite having a normal BMI, are classified as metabolically obese but normal-weight (MONW). Among obese individuals, those with a lower degree of insulin resistance and favorable metabolic profiles are classified as metabolically healthy obese (MHO). However, these are not stable conditions, and changes in body weight or metabolic health status might shift an individual to a different category and lead to different health consequences. [14] [15] [16] [17] In the 11-year prospective Pizarra study, the risk of diabetes in MHO individuals was significantly higher than that in metabolically healthy nonobese (MHNO) individuals. However, this association disappeared in participants who lost weight during the study period. 18 In the North West Adelaide Health Study, the MHO group was approximately twice as likely to develop diabetes compared with metabolically healthy normal-weight (MHNW) individuals. This was mainly a consequence of the individuals who acquired the metabolically obese phenotype, because the risk of diabetes did not increase in the two-thirds of the individuals who maintained metabolic health.
14 Another study performed in Japan also reached a similar conclusion, suggesting that the transitory nature of metabolic health influences the risk of future diabetes. 15 The main problem regarding the implication of metabolic health concept in clinical practice is the absence of unified criteria. The prevalence and metabolic phenotypes of MONW and MHO largely differ depending on the definition of ''metabolically obese''; the phenotypes have usually been identified using surrogate markers of insulin resistance, the number of metabolic syndrome components, the amount of visceral fat, or the composition of cardiovascular risk factors. Furthermore, comparisons of various criteria for predicting important clinical outcomes are scarce. Recently, we reported a simple index using a product of fasting glucose and triglycerides (TyG index), which could be used to classify metabolic health status. 19 The MONW individuals, as defined using the TyG index, showed a significantly higher risk of developing diabetes compared to MHNW individuals. 20 In this prospective cohort study, we aimed to investigate whether changes of metabolic health status or obesity between baseline examination (year 0) and first follow-up (year 4) have any effect on the risk of future (year 8) diabetes. The TyG index was used to define metabolic health, and the results were validated against the presence of metabolic syndrome.
METHODS

Participants
The Chungju Metabolic Disease Cohort (CMC) study is a community-based longitudinal study in a population aged 40 years and over living in the rural area of Chungju City, Korea. 21, 22 The baseline study was performed during 2003 to 2006, and the participants are being followed up at 4-year intervals. Three hundred thirty-four districts were selected using stratified random cluster sampling, and 11,718 individuals participated in the baseline (first phase) study. In this analysis, we selected individuals who had completed their follow-up visit at both the second phase (2007-2010) and third phase (2011-2014) of the study. Individuals missing anthropometric or laboratory data and those with known or newly diagnosed diabetes in the first or second phase of the study were excluded. Finally, 2692 (1047 men and 1645 women) individuals were included in the present study (Supplemental Figure 1 , http:// links.lww.com/MD/A458). The institutional review board at The Catholic University of Korea approved this study (No. KCMC070T076, KC13SISI0796), and written informed consent was obtained from all participants.
Study Protocols and Biochemical Assays
Health interview surveys and physical examinations were conducted by trained investigators. Detailed data on lifestyle behaviors, social status, and medical history were obtained via interview on the day of the investigation, including data regarding alcohol consumption, cigarette smoking, and education level. Regular exercise was defined as performing exercise three or more times per week for at least 30 minutes per session.
Anthropometric measurements were performed with the participants being barefoot and wearing light clothing, and their height, weight, and waist circumference (WC) were measured to the nearest 0.1 cm and 0.1 kg. WC was measured at the narrowest level between the iliac crest and the lower margin of the ribcage. Blood pressure (BP) was measured twice on the right upper arm using a mercury sphygmomanometer while the participants were in a seated position after 5 minutes of rest, and the average was recorded. Hypertension was defined on the basis of the Joint National Committee 7 report as at least 140 (systolic BP)/90 (diastolic BP) mm Hg, or when the participants reported using antihypertensive medications.
Participants fasted overnight for at least 12 hours, after which blood samples were collected and subsequently analyzed at Samkwang Medical Laboratories (Seoul, Korea). Samples were subjected to various tests using the following methods 21, 22 : total cholesterol (TC), enzymatic colorimetric test; triglyceride (TG), enzymatic colorimetric test; high-density lipoprotein (HDL)-cholesterol, selective inhibition method; low-density lipoprotein (LDL)-cholesterol, Friedewald formula; glucose, hexokinase method; insulin, radioimmunoassay kit (Dainabot, Tokyo, Japan); and creatinine, enzymatic method. All variables were measured in serum except for fasting glucose, which was measured in plasma (fasting plasma glucose [FPG] ), and all tests had intra and interassay coefficients of variance <5%. 
24,25
Definition of Metabolic Health Status
Being ''metabolically obese'' was defined as being in the highest quartile (Q4) of the TyG index. Being ''metabolically healthy'' was defined as falling into the lower 3 quartiles (Q1-Q3) of the TyG index. Individuals with BMI !25 kg/m 2 were classified as ''obese,'' whereas others were classified as ''nonobese.'' In this study, we used the terms MHNO or metabolically obese nonobese (MONO) instead of MHNW or MONW, because both normal-weight and overweight individuals were included in the ''nonobese'' group. For sensitivity analysis, having metabolic syndrome was used as another definition of ''metabolically obese.'' Individuals were considered to have metabolic syndrome when they had at least 3 of the following criteria: FPG !5.6 mmol/L; BP !130/85 mm Hg, or current use of antihypertensive medication; men, HDL-cholesterol <1.03 mmol/L or women, HDL-cholesterol <1.29 mmol/L, or taking antihyperlipidemic agents; fasting TG !1.69 mmol/L or taking antihyperlipidemic agents; men, WC !90 cm or women, WC !80 cm. This definition is based on modified American Heart Association/National Heart, Lung and Blood Institute criteria. 26 WC criteria were adjusted based on abdominal obesity criteria for the World Health Organization-Asian Pacific region.
Definition of Diabetes Mellitus
To examine the incidence of diabetes according to changes in metabolic health status between the phase 1 and phase 2 studies, all participants underwent a 75-g oral glucose tolerance test (OGTT) at the phase 3 study. Diabetes was defined according to the American Diabetes Association criteria.
Statistical Analysis
Data are presented as the mean AE standard deviation (SD), as medians (25th-75th percentiles), or as proportions. A logarithmic transformation was performed for parameters showing non-normal distributions (insulin, HOMA-IR, HOMA-b, TG). The comparison of baseline and changes of characteristics among the subgroups were analyzed using Student t tests or chi-square tests as appropriate. A log-binomial regression model using the GENMOD procedure was performed, and the relative risk (RR) and 95% confidence interval (CI) values were calculated for testing the role of the baseline TyG index, changes in the TyG index over time, or changes of metabolic health status over time in predicting the development of future diabetes, and are presented as RR (95% CI). All statistical analyses were performed using SAS 9.3 software (SAS Institute Inc., Cary, NC), and a P value <0.05 was considered significant.
RESULTS
Baseline Characteristics of Participants
The mean age, BMI, and TyG index were 61.7 AE 8.8 years, 23.6 AE 2.9 kg/m 2 , and 8.67 AE 0.59 for men; and 61.2 AE 8.8 years, 24.6 AE 3.2 kg/m 2 , and 8.63 AE 0.53 for women. During the 8-year follow-up period, 214 (7.95%) individuals had progressed to diabetes. When the baseline characteristics were compared according to the diabetes status at the last follow-up, the individuals who had progressed to diabetes were older, had significantly higher body weight, BMI, WC, waist-to-hip ratio, systolic BP, diastolic BP, FPG levels, fasting insulin levels, HOMA-IR, and TC and TG levels; in addition, they were more likely to have hypertension, metabolic syndrome, and family history of diabetes than those who remained in the nondiabetic group. The TyG index at baseline (year 0) and first follow-up (year 4) were also significantly higher in those who progressed to diabetes (Supplemental Table 1 , http:// links.lww.com/MD/A458).
TyG Index and the Risk of Developing Diabetes
We examined the role of the TyG index at single time points in predicting the development of future diabetes. Individuals in the TyG index Q4 group showed significantly higher incidence (11.6% vs 6.7% at year 0, P < .001; 12.6% vs 6.4% at year 4, P < .001) and multivariate-adjusted RR ( 
Changes in the TyG Index Over Time and the Risk of Developing Diabetes
We classified the participants into 4 groups according to changes in the TyG index quartile groups between year 0 and 4. Table 2 shows the comparison of baseline characteristics of these 4 groups. Among those with a low TyG index (Q1-Q3) at baseline, individuals with higher body weight, BMI, WC, waistto-hip ratio, systolic and diastolic BP, FPG, fasting insulin, HOMA-IR, dyslipidemic profile, or metabolic syndrome were more likely to transit to the TyG Q4 group at year 4. In contrast, among those with a high TyG index (Q4) at baseline, individuals with lower body weight, BMI, WC, FPG, fasting insulin, HOMA-IR, HOMA-b, or TG were more likely to transit to the TyG Q1 to Q3 group at year 4. Individuals who were in the TyG Q4 group at both year 0 and 4 had the highest incidence of diabetes (14.8%), followed by the individuals whose TyG index had increased from the Q1 to Q3 group to the Q4 group (10.2%). The risk of developing diabetes was significantly higher in individuals in the TyG Q4 group at both year 0 and 4 (2.67 [1.88, 3.80] ) when compared to the individuals in the TyG Q1 to Q3 group at both time points. Individuals who transited from the TyG index Q1 to Q3 group to the Q4 group also demonstrated a significantly higher risk (1.75 [1.16, 2.65]), whereas the risk of individuals who transited from the TyG index Q4 group to the Q1 to Q3 group was not increased (1.35 [0.86, 2.12]). These associations were not attenuated after adjustment for several confounding factors, including age, sex, BMI, family history of diabetes, systolic BP, HDL-cholesterol, WC, alcohol drinking, smoking status, and education level (Table 3 ). This serial observation suggests that worsening of the TyG index value increases the risk of diabetes in adults, whereas an improvement decreases the risk.
Changes in Metabolic Health Status Over Time and the Risk of Developing Diabetes
To explore the association between changes in metabolic health status and incidence of diabetes, we defined metabolic health phenotypes using BMI and TyG index quartile categories. The main factors contributing to changes in metabolic health phenotypes over time were changes in body weight, FPG, and lipid profiles (Supplemental Tables 2 and 3 , http:// links.lww.com/MD/A458). Individuals with the MONO phenotype at both year 0 and year 4 showed the highest incidence of (Table 4) . To further confirm these data, we performed sensitivity analysis using presence or absence of the metabolic syndrome as a different definition of metabolic health and obtained similar data, except that obese individuals who had gained metabolic health (transited from metabolically obese to metabolically healthy) did not show an increased risk of developing diabetes (Table 5 ). These results suggest that changes in metabolic health status significantly affect the risk of future diabetes in nonobese individuals, but to a milder degree in obese individuals.
DISCUSSION
From a community-based prospective cohort study, our data show that the TyG index measured at a single time point may be an indicator of the risk for developing diabetes; changes in the TyG index level over time modify the risk of developing diabetes; and changes in metabolic health status also serve as an independent risk factor for future diabetes, especially in nonobese individuals.
Fasting TG levels, which are closely correlated with the degree of insulin resistance, have been suggested as an independent risk factor for diabetes in several studies. 28, 29 Because triglyceride levels are greatly influenced by diet and serve as a sensitive marker for lifestyle factors, sequential measurements might better represent one's risk status than a single measurement. For example, Tirosh et al 29, 30 showed that changes in TG levels measured 5 years apart modified the risk of diabetes and coronary heart disease in young men. Furthermore, when TG values were combined with those of FPG, a better predictive value for diabetes was observed. 31, 32 In this context, we tested the role of changes in the TyG index, which is a product of TG and FPG values, in predicting the risk of developing diabetes. As expected, the incidence and RR of diabetes were altered by changes in the TyG index over time. Because the TyG index has been well validated as a surrogate marker of insulin resistance, 24, 25, 33 this might work as a simple and effective measure for identifying individuals at risk for diabetes.
Our previous studies highlighted the value of the TyG index in reflecting metabolic health status; furthermore, these studies proposed a novel criterion for identifying MONW individuals using this index. 19, 20 There was a stepwise increase in the odds of being categorized into the MONW group and a stepwise decrease in the odds of being categorized into the MHO group across the TyG index quartiles. 19 By defining metabolic health status using the TyG index or metabolic syndrome, the current study suggests the importance of improving metabolic health for the prevention of future diabetes. In nonobese individuals, transition to the MONO phenotype from MHNO over a 4-year interval significantly increased the risk of diabetes. However, when MONO individuals gained metabolic health and improved to the MHNO phenotype, the risk of diabetes was not increased compared with individuals who retained the MHNO phenotype. In contrast, obese individuals were predisposed to an increased risk of diabetes by obesity per se. Individuals with the MHO phenotype at both baseline and in the follow-up period already had an increased risk of diabetes, and this was further increased when moving to the MOO phenotype. Of note, weight reduction in MHO individuals that resulted in transition to the MHNO category resulted in a decreased risk of diabetes. Whether an improvement in metabolic health status reduces the risk of diabetes in obese individuals is not clear, because the results were inconsistent according to the definition of metabolic health used. Individuals with the MOO phenotype at baseline had a 3 to 4-fold higher risk of diabetes independent of their changes in metabolic health status when the TyG index criteria were used. Analysis using the metabolic syndrome criteria showed a possible regression of diabetes risk when MOO individuals transited to the MHO group, although this interpretation is limited by the small number of participants in this group. Altogether, our data suggest that metabolic health might be more important in nonobese individuals, whereas general obesity might have a greater contribution in obese individuals for the risk of developing diabetes. These results align with previous studies that show an increased risk of diabetes in MHNW individuals who attain a metabolically unhealthy phenotype or increased body weight, 14 and a decreased risk in obese individuals after weight loss.
14,18 A 30-year follow-up study also found that obese middle-aged men, even without metabolic syndrome, had an increased risk for cardiovascular disease and mortality, suggesting that general obesity per se compromises the longterm outcome. 34 Another study emphasized the independent association of metabolic health status, obesity, and body weight changes with the incidence of diabetes, although the differential effect of changes in metabolic health according to obesity groups was not reported. 9 Chronic nutrient overload induces molecular changes in the white adipose tissue. In association with adipocyte hypertrophy, the extracellular matrix undergoes remodeling and eventually leads to immune cell infiltration by proinflammatory cytokines and tissue hypoxia owing to impaired angiogenesis. 35 Although many differences in circulating biomarkers and molecular pathways are noted according to metabolic health status, reversal of fundamental obesity-induced changes might be needed to improve long-term outcomes.
It has been debated whether individuals with the MHO phenotype are prone to cardiometabolic diseases and increased mortality. [8] [9] [10] [11] 13, [36] [37] [38] Similarly, conflicting results of a weight loss program in MHO individuals have been demonstrated. In a few studies, diet and exercise intervention in obese individuals showed a comparable effect on body weight, fat mass, insulin sensitivity, and other cardiovascular risk factors, regardless of initial metabolic health status. [39] [40] [41] However, a 12-week energy intake restriction in Korean women did not improve lipid profiles, C-reactive protein, or oxidized LDL in MHO individuals despite a similar degree of weight loss compared with MOO individuals. 42 Another study also exhibited a different response to a 6-month diet intervention with deterioration of insulin sensitivity in MHO individuals. 43 These findings raise an important question: is weight reduction needed to improve the clinical outcome of those with the MHO phenotype? Our data support a positive effect of weight loss for the prevention of incident diabetes in MHO individuals, which is in line with previous observations. 14, 18 In MONO individuals, lifestyle interventions for risk factor management, such as lowering glucose and BP, and improving lipid profiles, should be the main strategy.
The strengths of our study are that it was from a large-scale cohort with a long follow-up period and that the diagnosis of diabetes was based on an OGTT in every participant to avoid any overlooked cases of isolated post-load hyperglycemia. Limitations also exist. First, the number of participants who moved to a different obesity category was relatively small, making an accurate interpretation difficult in these subgroups. Second, we did not have data on the development of cardiovascular disease or mortality, which also needs to be elucidated. Third, because the participants consisted of middle-aged or elderly Koreans with a relatively low degree of obesity compared with other countries, our data need to be confirmed in other populations of different ages and ethnicities. Fourth, glycated hemoglobin levels were not measured in this cohort, which might have led to a misclassification of individuals in diabetic status. Lastly, the possibility of selection bias due to individuals who were not followed up needs to be considered, as this may limit interpretation of the conclusions drawn from this study.
In conclusion, this study identified changes in metabolic health status as a modifiable risk factor for developing diabetes, especially in nonobese individuals. Individuals with the MONO phenotype who improved metabolic health over time had a decreased risk of diabetes. In addition, as the risk of diabetes was significantly decreased in obese individuals who transited to the nonobese category, obese individuals stand to benefit from weight loss intervention, although it appears to be independent of improvements in metabolic health. In other words, metabolic health was important in nonobese individuals, whereas general obesity had a greater contribution to the risk of obese individuals developing diabetes. These observations might imply a different intervention strategy for diabetes prevention. Further studies in other populations with a consensus definition of metabolic health are warranted for a better understanding of this concept and the establishment of appropriate strategies to lessen the increasing burden of diabetes.
